In situ atomic force microscopy (AFM) experiments were used to study the effect of trace amounts of a commercial inhibitor on the (001) baryte surface during growth. The additive tested was a copolymer, used as a scale inhibitor in oil recovery (maleic acid/allyl sulfonic acid copolymer with phosphonate groups, partial sodium salt). The morphology of the growth was used to gain a better understanding of the inhibition mechanism. Without an inhibitor, barium sulfate growth occurred by 2D island nucleation and spreading. The addition of a small amount (0.1 ppm and 0.5 ppm) of copolymer inhibitor enhances 2D nucleation but blocks growth. Just 1 ppm of inhibitor blocks nucleation and growth by adsorption of a copolymer layer onto the baryte surface. Similarly in 3D studies, small amounts of inhibitor seem to act on growth and not on nucleation and larger amounts of copolymer act on both by adsorption of the copolymer to all baryte surfaces keeping the particles in their embryo stage.
Introduction
PRECIPITATION of baryte (BaSO 4 ) causes major problems in numerous industrial processes such as paper-making, chemical manufacturing, cement operations, off-shore oil extraction and geothermal energy production (Sorbie and Mackay, 2000) . In oil recovery, baryte scale forms as a result of the mixing of two waters of different compositions: injection water (mainly seawater) and formation water (water in the pores of the reservoir rock). This combination allows the mixing of SO 4 from the seawater and Ba in the pore water, producing a supersaturation with respect to BaSO 4 . Because of its low solubility (log K sp = À9.96 (25º) (Blount, 1977) , solid layers of baryte form in the oil pipes and the reservoir rocks, reducing permeability in the reservoir and eventually reducing or even stopping the production of an oil well. Due to the difficulty in removing these scales, it is important to study strategies for preventing the deposition of baryte or for modifying the morphology of the precipitate in order to avoid the deposition of a hard crust of barium sulfate scale.
The most appropriate strategy used to reduce or to retard scale formation is the addition of trace amounts of scale inhibitors (usually phosphonates or carboxylates) to the water injected into the reservoir (threshold treatment, Shakkthivel et al., 2006) . The amount of these organic compounds added to the solution is generally not sufficient to complex metal ions and reduce the supersaturation. Most synthetic commercial additives contain the same functional groups, e.g. carboxylic acid (COOH), phosphonic acids (PO 3 H 2 ) and sulfonic acids (SO 3 H). These organic additives can act as inhibitors or promoters of crystallization (Benton et al., 1993) .
In threshold treatments, inhibitors are assumed to act by blocking active growth sites through adsorption to the crystal surface (Van der Leeden and Van Rosmalen, 1995) . These growth inhibitors retard crystal growth and most of them introduce morphological changes in the crystal. They can stop scale formation in systems in which there are seed crystals and in systems in which nucleation has not yet occurred (Van Rosmalen, 1983) . Despite the extensive research performed on this topic, there is still a lack of understanding of the exact mechanism by which these inhibitors modify crystal growth. The inhibitor molecules are thought to be adsorbed on specific crystal surfaces and hinder growth by blocking the active sites at the surface (Sangwal, 1998) , but direct evidence of this mechanism is, in general, absent. In the present study, the mechanism by which this commercial copolymer acts as an inhibitor in the formation of barium sulfate was examined. With this purpose, atomic force microscopy (AFM), conductivity measurements and scanning electron microscopy (SEM) were used to gain a better understanding of baryte precipitation in the presence of this specific inhibitor. Previous studies of baryte-growth inhibition with commercial copolymers have been carried out (e.g. Fernández-Díaz et al., 1990; Mavredaki et al., 2011a,b; Qi et al., 2000) but not combining the same techniques as being used in the present study, to our knowledge.
Atomic force microscopy allows us to study ''in tempore'' and ''in situ'' the effect of inhibitors on crystal growth at a nano-scale. Surfaces can be observed during growth and this makes it possible to improve our understanding of the molecular mechanism controlling the inhibition (e.g. Pina et al., 2004) . Trace amounts of a commercial inhibitor were tested in AFM flow-through experiments using cleaved (001) surfaces of baryte crystals as substrates.
Conductivity was monitored during the baryte precipitation process to determine the efficiency of increasing concentration of this commercial inhibitor. Scanning electron microscopy (SEM) observations of baryte particles obtained from conductivity experiments allowed us to study changes in morphology and in the number of particles precipitated.
Experimental details AFM in situ experiments
The AFM flow-through experiments were performed at room temperature (20 Ô 2ºC) in a fluid cell of a Digital Instruments (Bruker) (Parkhurst and Appelo, 1999 ) was used to calculate molarities and supersaturation states. The solutions were injected into the fluid cell before each AFM scan, giving a flow rate of 80 ml/h. Previous results suggest that, under such flow conditions, the growth is surface controlled rather than the diffusion controlled (Teng et al., 1998) . Images were recorded continuously.
An aqueous solution of a commercial inhibitor (maleic acid/allyl sulfonic acid copolymer with phosphonate groups, partial sodium salt) was mixed with the growth solution (equimolar Na 2 SO 4 and BaCl 2 ) immediately prior to each experiment. This inhibitor is used to reduce baryte scale in oil production in the North Sea oil fields. Just one concentration of BaSO 4 was tested in this study (50 mM) and three concentrations of the inhibitor in the growth solutions, 0.25 ppm, 0.5 ppm and 1 ppm.
In all the experiments, growth solution was injected first without inhibitor to assess growth development on the surface in the absence of inhibitor, as growth on baryte is strongly dependent on surface reactivity (Kowacz et al., 2007) . Note that the results observed on the (001) surface do not necessarily relate to the crystal as a whole.
Conductivity experiments
Unseeded conductivity experiments were carried out to determine the rate of change in conductivity during precipitation of barium sulfate. The graph of conductivity vs. time was used to calculate the precipitation rate by fitting the linear region of the curve (Jones et al., 2002) . These precipitation experiments were carried out at controlled temperature (20ºC) in a jacketed reaction vessel. A conductivity-meter (905 Titrando, Metrohm) was used to monitor the evolution of conductivity and pH in situ. The natural measured pH was 5.5À6.0. A magnetic stirrer was used to keep the solids in suspension. The method consisted of adding 25 ml of 1 M BaCl 2 solution to 100 ml of 0.25 mM Na 2 SO 4 (with the corresponding tested amount of inhibitor added to the sodium sulfate solution: 0.25, 0.5, 1 and 2 ppm).
After the conductivity experiments, the solutions were filtered through cellulose nitrate membrane filters (Millipore pore size = 0.45 mm) and baryte particles were dried at 40ºC for 24 h before carbon coating prior to analysis by field emission SEM (Auriga Carl Zeiss SMT) equipped with Energy Dispersive X-ray analysis (EDX), which allowed the precipitated particles to be characterized.
Results

AFM experiments
When the 50 mM barium sulfate growth solution (Saturation Index, SI = 1.30, where SI = log O, and O = a(Ba 2+ )*a(SO 4 2À )/K sp ) with no inhibitor was injected into the fluid cell, 2D island nucleation and spreading on the (001) baryte surface was the growth mechanism observed. The characteristic sector shape of two-dimensional (2D) nuclei with two straight sides and a curved side forming an obtuse angle (~100º) at the apex of the sector (Pina et al., 1998) is seen in Fig. 1a ,e,i. While injecting the growth solution into the AFM fluid cell, 2D islands could be observed nucleating, growing and merging together to form a new layer, while new nuclei formed on top of this layer and the process repeated. The height of the 2D islands was 3.5 Å , corresponding to half a unit cell of baryte. When 0.1 ppm of inhibitor was added to the 50 mM growth solution, 2D nucleation was immediately enhanced significantly over the first 90 s (Fig. 1b) . However, these 2D nuclei did not seem to grow. After three scans (~270 s), while injecting this solution, the surface was covered by a rough layer (Fig. 1c) that made any further observation of surface growth difficult. After injecting this solution for 900 s, 50 mM growth solution (without inhibitor) was again added and after~360 s injecting solution, normal growth was recovered and the surface no longer had a rough appearance (Fig. 1d) .
With 0.5 ppm of inhibitor in the growth solution, the same effect of enhanced nucleation on the surface was first observed (Fig. 1f) . Approximately 1260 s after injecting this solution, the whole surface was covered with rounded nmsized particles of~50À150 nm in diameter (Fig. 1g) . When a larger area of 8 mm68 mm was scanned, the rounded particles were clearly seen to be concentrated in the area in which the AFM tip was scanning and not on the rest of the surface (Fig. 1h) .
When 1 ppm of inhibitor was added to the growth solution, limited growth of the preexisting islands was observed only during the first scan (90 s) (Fig. 1j) . After the first scan, and continuous injection of the same solution (50 mM BaSO 4 + 1 ppm inhibitor) for 1500 s, no further nucleation or growth was detected. Black circles in Fig. 1j and 1k show islands that did not grow after the injection of inhibitor solution and yellow squares mark pre-existing spaces between islands, which did not close as a result of the growth arrest. After this first 1500 s with no growth on the surface, the original growth solution without inhibitor (50 mM BaSO 4 ) was injected in an attempt to recover growth. This inhibitor-free growth solution, that previously gave immediate nucleation and fast growth when it was first passed over the cleaved baryte surface, produced neither new nuclei nor growth of the pre-existing islands in a further 1500 s. The same original islands could easily be identified and they remained the same size and shape. Interestingly, the small rounded shapes seen when 0.5 ppm of inhibitor was tested appeared again but fewer than previously (green circles in Fig. 1l) .
Raman spectroscopy analysis carried out after the AFM experiments detected only baryte. Attempts to identify the precipitate failed, probably due to the thinness of this layer.
Conductivity measurements
The results of monitoring conductivity during the precipitation process of barium sulfate in the presence of different trace amounts of inhibitor are shown in Fig. 2 . The rate of change in conductivity in the linear regime of the curves was used as an indicator of the effectiveness of different amounts of inhibitor compared to the control average change in conductivity. In Fig. 2 , next to each conductivity curve (corresponding to a different amount of inhibitor), the average value (%) of effectiveness of the corresponding amount of inhibitor is presented. For the control run the average slope of the precipitation curve was (À9.1903 Ô 1.3875)610
À5 mS cm À1 s
À1
. The reproducibility of the control runs was tested before each different amount of inhibitor. The values of effectiveness for 0.25, 0.5, 1 and 2 ppm were 18, 87, 93 and 96%, respectively. The difference in inhibitor capacity between 1 and 2 ppm was small even when the amount of inhibitor was doubled.
The induction time was determined from the intersection between the tangent to the initial conductivity value and the line corresponding to the linear regime of the conductivity curve. Average representative induction times were difficult to obtain from conductivity or pH measurements due to small differences in induction times. Nevertheless, a general trend of increasing induction time with increasing inhibitor concentration up to 0.5 ppm can be deduced from our measurements (see Fig. 2, right corner) . (8 mm68 mm) ; (i) 270 s after injection of growth solution (50 mM) without inhibitor; (j) 90 s after injection of growth solution (50 mM) + 1 ppm inhibitor; (k) 1500 s after injection of growth solution (50 mM) + 1 ppm inhibitor; (l) 1500 s after injection of growth solution again (50 mM), with no inhibitor. Black circles in parts j and k show islands that did not grow after the injection of inhibitor solution and yellow squares in parts j and k mark preexisting spaces between islands that did not close as a result of the growth arrest. Green circles in part l point to the small, rounded particles obtained.
With increasing amount of inhibitor for 1 and 2 ppm, variation in the induction time compared with 0.5 ppm was noted.
3D morphology of barium sulfate particles
The morphologies of baryte particles collected after the conductivity experiments are shown in Fig. 3 . Control precipitates (formed in the absence of inhibitor) have typical rectangular, pillow shapes reported by other authors (e.g. Jones et al., 2002) , with an homogeneous size distribution and an average size of 4 mm62 mm. When 0.25 ppm of inhibitor was added to the growth solution, the shape of the particles was not modified but single crystals tended to form aggregates, and the average size of the individual crystals decreased to~500 nm6250 nm (Fig. 3a) . These particles do not look smooth on the surface like the control particles obtained without inhibitor, but present a rough surface with a 'layer' attached on different faces of the baryte precipitates. The baryte particles are around eight times smaller and the number of particles obtained was greater than the number achieved when grown in the absence of inhibitor. An increase in the amount of inhibitor in the solution (0.5 ppm) resulted in the formation of large aggregates of particles that individually mostly retain the pillow shape (300 nm6200 nm) (Fig. 3b) . Some aggregates also began to exhibit rounded and irregular shapes at this concentration of inhibitor.
In the presence of 1 and 2 ppm inhibitor, the shape of the baryte particles changed dramatically (Fig. 3c) . The rectangular, pillow-shaped crystals began to appear as aggregates of rounded particles with a diameter ranging from 50 to 150 nm.
No differences in EDX analysis between control particles and particles obtained in the presence of the inhibitor were detected. To detect any incorporation of inhibitor into the precipitated particles, further analysis is required, but was beyond the scope of the present work.
Discussion
The AFM observations show that growth from a 50 mM BaSO 4 additive-free growth solution occurs by 2D nucleation of sector-shaped islands on the (001) surface of a cleaved baryte crystal. The islands grew and merged together to form a new growth layer and new islands nucleate on top to eventually join to form another layer. The addition of trace amounts of a commercial copolymer to the 50 mM BaSO 4 solution, modified substantially FIG. 2. Representative curves obtained from conductivity experiments. Specific conductance (mS/cm) was monitored vs. time. The slope of the conductivity curve in the linear regime is related to the precipitation rate and was used to obtain the effectiveness of different amounts of copolymer. Inset: values of induction time vs. copolymer concentration are plotted.
surface growth on the (001) baryte face. Small amounts of inhibitor (0.1 ppm and 0.5 ppm) enhanced 2D nucleation immediately. This enhancement of 2D nucleation was previously observed by Baynton et al. (2011) for baryte in the presence of other organic molecules, (BTR 14 benzene-1,3,5-triphosphonic acid) and (BTS 14 benzene-1,3,5-trisulfonic acid) and in the presence of two calixarene molecules (Baynton et al., 2012) . Those authors suggested that this is due to changes in the dehydration of barium ions, which has been shown to be the barrier for barium sulfate crystallization (Piana et al., 2006) . They also suggested that there is a binding between the organic anion and barium and if this is relatively weak it would aid crystallization. The present results are in agreement with this hypothesis. The copolymer used in the present experiments contains both sulfonic and phosphonate groups similar to the inhibitors studied by Baynton et al. (2011) .
When 0.5 ppm of inhibitor was tested, as mentioned above, 2D nucleation was enhanced in the first 350 s but after~500 s the growth mechanism changed. Instead of 2D island nucleation and spreading, rounded nanoparticles (50À150 nm) appeared on the surface and attached only to the area in which the AFM tip was scanning. This might be due to the stabilization of baryte nanoparticles by the copolymer and later attached to the surface. The attachment just in the area in which the AFM tip was scanning can be due to the removal of a previously deposited layer of inhibitor. Similar observations have been reported by Long et al. (2013) for CaCO 3 precipitation in the presence of polyacrylic acid (PAA) .
With the addition of 1 ppm of the commercial copolymer to the growth solution, no further growth was observed. New islands were not observed to develop on the surface, and those existing at the surface were 'frozen' or inhibited from further growth during the period of time (~1000 s) during which the solution was injected continuously through the fluid cell. When the concentration of inhibitor was greater (1 ppm) the inhibitory effect of the copolymer would possibly become dominant compared to the effect on barium de-hydration. The failed attempt to recover growth upon the reinjection of 50 mM of additive-free baryte growth solution suggests the existence of an inhibitor layer deposited on the (001) baryte surface, preventing nucleation or growth. Passivation of the baryte (001) surface has already been observed by Putnis et al. (2008) when they studied the effect of commercial chelators on the dissolution of BaSO 4 .
In their study, a soft layer of a precipitate covered the baryte (001) surface hindering the dissolution process. Pina et al. (2004) also studied the influence of various phosphonate inhibitors on baryte growth, observed in AFM, and reported the changes in normal island growth on a baryte surface in the presence of inhibitors.
As can be seen from the conductivity measurements in the present study, an increase in the amount of inhibitor resulted in enhanced inhibition. Representative values of induction times were difficult to obtain, as no large differences were observed under the experimental conditions, suggesting that at low concentration (up to 0.5 ppm) the inhibitor probably acts more as a growth inhibitor than a nucleation inhibitor. The density of particles found with 0.25 ppm (Fig. 3a) and 0.5 ppm (Fig. 3b) do not exhibit a clear 3D-nucleation inhibitor effect.
The presence of inhibitor introduces major changes in the size and morphology of baryte particles. The crystal habit of baryte changes from rectangular-shaped forms in the presence of 0.25 ppm (Fig. 3a) to baryte aggregates of pillow-shaped particles with 0.5 ppm (Fig. 3b) and finally to aggregates of rounded nanometer particles with 1 and 2 ppm (Fig. 3c,d ). The rounded forms obtained with increasing amounts of inhibitor are strong evidence of inhibitor molecules adsorbed to all baryte surfaces acting as a 'universal face binding agent'. These rounded particles are quite clearly the result of a loss of faceting of single crystals (Coveney et al., 2000) .
The size of the particles has also been reduced to 50À150 nm indicating that this copolymer acts on the first baryte nuclei preventing development to larger crystals and keeping them in their 'embryo stage'. In the absence of any organic additive, the baryte precipitation pathway involves the formation of elliptical/spherical nanoparticles ranging from 20 to 150 nm (Judat and Kind, 2004) . Due to the agreement in terms of size, it seems reasonable to propose that the copolymer acts at this stage of the precipitation process, inhibiting the further development of these nuclei. These sizes are in agreement also with particle sizes obtained in AFM experiments when 0.5 ppm of inhibitor was used. Further analysis needs to be carried out to determine if trace amounts of copolymer are actually incorporated into to the initial nuclei.
Conclusions
The results of in situ AFM observations show that the commercial copolymer (maleic acid/allyl sulfonic acid copolymer with phosphonate groups, partial sodium salt) tested, in concentrations as small as 1 ppm, completely blocked baryte-surface growth, probably by adsorption of an inhibitor layer to baryte (001) cleavage surfaces. At lower copolymer concentrations (0.1 ppm and 0.5 ppm) tested here, this commercial copolymer also has a significant impact on the (001) baryte surface, initially promoting 2D nucleation before inhibiting it. The growth mechanism in the presence of 0.5 ppm inhibitor, observed in AFM experiments, is modified, such that nanoparticle attachment to the surface occurred instead of 2D-island nucleation and spreading. This is probably due to the copolymer stabilizing the nanoparticles.
The effect on 3D nucleation from our conductivity measurements and morphology analysis show that at low (0.1 ppm, 0.25 ppm and 0.5 ppm) concentrations, the inhibitory effect is on growth (Fig. 2) because the number of particles obtained was not reduced (Fig. 3a,b) . At higher inhibitor concentrations, the morphology of baryte crystals changed significantly, with a reduction in size of the particles and the loss of crystallographic form, to give almost spherical particles. This is clear evidence of adsorption of copolymer molecules on the baryte crystal faces, hindering their development and keeping them in the embryo stage.
